Polymorphic differences distinguishing MHC class I subtypes often permit the presentation of shared epitopes in conformationally identical formats but can affect T-cell repertoire selection, differentially impacting autoimmune susceptibilities and viral clearance in vivo. The molecular mechanisms underlying this effect are not well understood. We performed structural, thermodynamic, and functional analyses of a conserved T-cell receptor (TCR) which is frequently expanded in response to a HIV-1 epitope when presented by HLA-B*5701 but is not selected by HLA-B*5703, which differs from HLA-B*5701 by two concealed polymorphisms. Our findings illustrate that although both HLA-B*57 subtypes display the epitope in structurally conserved formats, the impact of their polymorphic differences occurs directly as a consequence of TCR ligation, primarily because of peptide adjustments required for TCR binding, which involves the interplay of polymorphic residues and water molecules. These minor differences culminate in subtype-specific differential TCR-binding kinetics and cellular function. Our data demonstrate a potential mechanism whereby the most subtle MHC class I micropolymorphisms can influence TCR use and highlight their implications for disease outcomes.
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T he MHC class I (MHCI) locus is described consistently as a major host factor influencing disease outcome in the setting of HIV-1 infection (1). As MHCI molecules select the repertoires of viral epitopes presented to CD8 + T cells, they shape the immune response against the virus. A broad variety of distinct MHCI allotypes, which can demonstrate up to 10% amino acid diversity, allows extensive sampling of epitope repertoires, and these differences also influence the efficacy of viral control, as illustrated by the strong association of individual MHCI types with prolonged AIDS-free survival (1, 2) . Less understood is the role of minor polymorphisms (termed "micropolymorphisms") that distinguish closely related MHCI subtypes, often by as few as one amino acid change. Although such minimal changes frequently allow identical epitopes to be presented, they often influence the efficacy of viral clearance (3) and disease susceptibilities in vivo (4) . These effects have important implications in the context of HIV-1 infection, where the delicate interplay between CD8 + T-cell selection, viral evolution, and fitness cost is assumed to shape the clinical course of disease (5) .
MHCI subtypes separated by micropolymorphisms frequently permit the presentation of shared epitopes, however, these differences can affect the conformation of peptides in their binding grooves (6) (7) (8) and/or the positioning of MHC α1/α2 helices (9, 10) , with implications for T-cell receptor (TCR) usage in vivo. The protective HLA-B*5703 and B*5702 subtypes, for example, are distinguished by a single amino acid substitution that does not notably alter their peptide-binding motifs. However, the positioning of this polymorphism within the TCR footprint is likely to affect the use of the TCR repertoire and could explain the greater association of HLA-B*5703 with lower viral set point and immune control (11) . Yet for other MHCI subtype-peptide combinations, minor polymorphic differences result in minimal, if any, conformational disparities (4) and the molecular processes underlying differential T-cell selection are not well understood. This is especially true for longer epitopes, which comprise an important group of ligands (12, 13) for which the diversity of their responding TCR repertoires may be further limited by their atypical structural conformations when presented by MHCI. Notable examples are the HLA-B*57 subtypes HLA-B*5701 and B*5703, which consistently are associated with prolonged AIDS-free survival (14) (15) (16) . Despite two polymorphic amino acids distinguishing these subtypes at residues 114 (D-N) and 116 (S-Y), both bind an equivalent repertoire of peptides (17) and in HIV-1 infection share similar CD8 + T-cell immunodominance hierarchies from acute infection through to chronic disease (18) (19) (20) (21) (22) . The contribution of these HLA-B*57 subtypes to successful viral control is thought to relate to the epitopes selected, most notably to three p24-derived capsid epitopes targeted. Two of these, the ISPRTLNAW (IW9) and TSTLQEQIGW (TW10) epitopes, are targeted in early infection, presumably contributing to rapid viral control (22, 23) . The nature of T-cell-driven escape mutations that accrue for these epitopes are conserved in the presence of both B*57 subtypes, presumably reflecting shared modes of peptide presentation and shared T-cell recognition conformations in vivo. However, the subtype-specific differences appear to impact a third epitope, KAFSPEVIPMF (KF11), which dominates the B*57-restricted immune response in chronic disease (18, 21) . Targeting of this epitope is important in patients in whom circulating IW9 and TW10 mutations lead to immune escape (20, 24, 25) , and its recognition is associated with lower plasma viral load (26) . In HLA-B*5703 + patients, diverse KF11 variants circulate, which frequently associate with elevated viral loads (20, 27) . However, viruses harboring these mutations are rare in carriers of HLA-B*5701 (24, 28) , a finding not readily explained by factors specific to the infecting viral clades (27) . We and others have analyzed the KF11-specific TCR repertoire in HLA-B*57 + patients and have reported common use of a conserved and frequently immunodominant Vα5/Vβ19 TCR pair sharing highly conserved CDR3α and -β motifs in unrelated HLA-B*5701 + individuals (21, 27, 29) . This "public" TCR displays cross-reactivity against broad KF11 variants (30). However, this receptor pair does not represent a KF11-specific clonotype in carriers of HLA-B*5703 and its absence might contribute to the higher incidence of circulating KF11 variants in HLA-B*5703 + individuals (21, 27, 31) . Although the majority of MHCI restricted epitopes are 8-10 amino acids, peptides of noncanonical length up to 13 residues, and particularly viral peptides targeted in humans, represent an important category of epitopes, (32) (33) (34) . Longer peptides bind MHCI molecules either by extending beyond the peptide-binding groove (PBG) (35) or, more frequently, by forming a central bulge that arches above the cleft while maintaining standard A, B, and F pocket binding (13, 33, 34, 36) . Although many arched peptides remain mobile (33) , others assume a rigid conformation due to stabilizing interactions that involve hydrophobic forces (36) and water-mediated and direct peptide-MHC hydrogen bonds (9) . Having previously determined the structure of KF11 in complex with HLA-B*5703, we observed a central peptide bulge, with two P residues forming the basis of the stable peptide arch (36) . Here we present a structural, thermodynamic, and functional study describing the molecular features underlying TCR-mediated recognition of the atypical KF11 epitope and highlight the vital role played by germline-encoded TCR α-chain residues. We also demonstrate how minimal differences between the HLA-B*57 subtypes involving subtle alterations in the interplay of polymorphic residues and specific networks of water molecules in the PBG are paramount in facilitating optimal TCR binding, influencing the kinetics of the TCR-pMHCI interactions and cellular function. Collectively, our findings illustrate how subtle subtype-specific polymorphic differences can have important implications for T-cell use, repertoire diversity, and presumably, disease outcomes.
Results
Crystal Structures of B*5701-KF11 and AGA1-B*5703-KF11. The Vα5/ Vβ19 (AGA1) TCR encoding the conserved CDR3α and -β motifs (Vα5-SAIYFCALSGGYQKVTFGTGTKL and Vβ19-TAFYLCASTGSYGYTFGSGTR) and HLA-B*5703 were refolded separately, purified, and crystallized as a complex. Refolded and purified HLA-B*5701-KF11 also was crystallized separately. X-ray diffraction datasets were collected and phased by molecular replacement, and structures were refined for the AGA1-HLA-B*5703-KF11 complex [2.4 Å, crystallographic R index (R cryst ) = 22.5%, free R-factor (R free ) = 29.7%] and the HLA-B*5701-KF11 complex (1.95 Å, R cryst = 19.0%, R free = 25.0%). The unliganded peptide-MHC (pMHC) and TCR-pMHC complex crystal structures had one pMHC or complex, respectively, per crystallographic asymmetric unit. Lattice contacts did not involve the peptide in the HLA-B*5701-KF11 structure, thus providing unbiased views of the epitope structure and the associated hydration shell (Table 1) . We previously reported the crystal structure of B*5703-KF11 (36) . Unfortunately, we were unable to produce a diffracting HLA-B*5701-KF11-TCR complex; therefore we compared the structures of the pre-and post-TCR-bound states of the HLA-B*5703-KF11 epitope as a model to characterize the key structural determinants of the TCR-pMHC interaction. Based on the findings of this analysis, we probed the possible molecular origins of the biased TCR selection by comparison with the unliganded structure of HLA-B*5701-KF11.
Overall, the AGA1 TCR docks to the HLA-B*5703-KF11 in a diagonal manner similar to that described for other class I TCRpMHC complex structures (37) , with the Vα/Vβ axis of the TCR orientated 37°to the peptide axis ( Fig. 1 A and B) . The total buried surface area (BSA) on complex formation is 1,600 Å 2 , which is relatively low compared with other TCR-pMHC complexes. The TCR α-chain dominates the interaction with pMHC, contributing 71% of the BSA, the largest fraction observed for a TCR-pMHCI complex published to date. Dominant TCR α-chain involvement has been described previously for the HLA-A*0201-Tax-specific A6 and B7 TCRs and for the B*3508-resticted SB27 TCR (9), with 65%, 69%, and 58% of total BSA contributions, respectively, conferred by the α-chain. In contrast, in the JM22-HLA-A*0201-flu complex 67% of the BSA is contributed by the Vβ19 chain, which interestingly is the same Vβ chain used by the AGA1 TCR (38) .
The bulged structure of KF11 is accommodated in a large cavity formed between the CDR1α, CDR3α, and CDR3β loops, whereas the MHC helices are contacted by the CDR1α, -2α, -3α-, and -3β loops. The Vβ19 CDR1 and CDR2 framework regions are largely solvent exposed and make little contact with pMHC ( Fig. 1 C and D and Tables 2-5). The buried pMHC surface area in the HLA-B*5703-KF11-AGA1 complex structure is apportioned 52% to the MHC and 48% to the peptide. This configuration resembles the HLA-B*3508-SB27 TCR cocomplex topology (9) and is consistent with the large surface area of KF11 contacted by the TCR but is in contrast with the majority of TCR-pMHC complexes, in which a much greater proportion of the total BSA is apportioned to the MHC.
The AGA1 TCR has comparatively short CDR3 loops but recognizes this bulged peptide by clamping the crest of the peptide, extending the CDR3α Y95α and CDR3β Y97β side chains into notches between the MHC α1 and α2 helices and the peptide, respectively (Fig. 1E ). The Y "clamps" are anchored into position by hydrogen bonds between the tyrosine hydroxyl groups and MHC side-chain atoms. The notch occupied by the CDR3 Y97β side chain resembles that described for the highly conserved, public CDR3 R99β side chain in the HLA-A*0201-MP-JM22 complex (38) . In the AGA1 complex, Y95α and Y97β generate van der Waals contacts and good shape complementarity to peptide. The two CDR3 Y side chains, in conjunction with aromatic residues CDR1α Y31 and Y33 and CDR2α Y48 and F50, confer a significant proportion of the total BSA (33%) to the HLA-B*5703-KF11 complex.
Conformational Change of the KF11 Peptide Induced on TCR Recognition.
The high resolutions of the HLA-B*5701 and HLA-B*5703 unliganded structures (1.95 Å and 1.65 Å, respectively) allowed many ordered water molecules to be included in the refined structures (Tables 1-5 ). The structures of the peptides in the two B*57-KF11 subtype complexes are highly superimposable ( Fig. 2 A and B) , although there are small divergences near the polymorphic MHC residues at positions 114 and 116. In both structures, the peptide buckles to position the central amino acids (4-9) out of the groove, presenting a peptide arch for TCR recognition ( Fig. 2 C and D) . In contrast to longer peptides such as the EBV 13mer presented in the context of HLA-B*3508, the structures of KF11 presented by both HLA-B*57 subtypes have well-ordered electron density throughout and are clearly defined (9) . The HLA-B*5703-KF11 peptide undergoes conformational change on TCR binding, crumpling into the PBG (Fig. 2 A, B, E, and F) and forming a total of nine new hydrogen bonds (Fig. 3) . A large cavity between the TCRs CDR2α, -3α, and -3β accommodates the bulged portion of the peptide. The KF11 conformational changes optimize its contacts with the TCR but also allow the formation of specific contacts between TCR and the MHC helices ( Fig. 3 A-D) . These conformational readjustments also reposition the crest of the peptide bulge toward the MHC α2 helix ( Fig. 2 B and F). The insertion of the side chain of CDR3α Y95 between the peptide and α1 helix facilitates the formation of hydrogen bonds to the MHC side chains N66 and S70 and is accompanied by reorientation of KF11 with the formation of three new hydrogen bonds between the side chain of MHC Q155 and the main-chain atoms of the peptide bulge ( Fig. 3 A, B , and E). The CDR3β Y97 side chain slots between the peptide and α2 helix, forming hydrogen bonds to the α2 helix and van der Waals contacts to the peptide.
Notably, on TCR binding, the peptide P9 side chain reorients ∼80°into the groove, causing the polymorphic residue Y116 to reposition ∼15°about the cα/cβ bond (Figs. 2F and 4 and Fig. S1 ). Substantial peptide conformational changes were also seen by Tynan et al. (10), who demonstrated movement of a bulged peptide toward the α2 helix to facilitate binding of the ELS4 TCR; however, in that pMHC-TCR complex the peptide bulge was not fully enveloped by the TCR CDR loops.
The CDR3 loop Y side chains that form the peptide clamp are stabilized by three inter-CDR3 hydrogen bonds between the side chain Y99β and the Q96α carbonyl and between Q96α and the main-chain atoms of G101α and G103α (Fig. 3D) . Comparison of the crystallographic B-factors across the length of the peptide in the unliganded and TCR-bound forms reveals greater disorder at the crest of the peptide in the unliganded state, particularly in the peptide side chain of E6. Therefore, in addition to conformational change, the mobility of the bulged part of the peptide is reduced on TCR binding because of the formation of numerous specific recognition contacts.
Structural Basis for Public Use of Vα5.1. The CDR1α residues Y31 and Y33 make hydrogen bonds directly to peptide residues p4 and p6 (Fig. 3F) , and CDR2α residues Y48 and F50 contact the HLA-B*5703 α2 helix side chains R151 and E154, which undergo a conformational change on TCR binding (Fig. 3C) . The combinations of CDR1α Y31/Y33 and CDR2α Y48/F50 are unique to Vα5.1. Therefore, both peptide-specific and MHC-specific contacts generated via different CDR framework loops are created by residue combinations exclusive to Vα5.1, and thus this germline TCR Vα framework is specifically optimized to recognize the HLA-B*57 molecule and the unusual arched structure of the bound KF11 peptide. The Vβ19 framework is coselected with the Vα5 but makes minimal contact with the pMHC. The basis for public coselection of Vβ19 could relate to conferring an optimized Vβ scaffold to support the recognition of KF11 by the Vα5 CDR contacts, as previously observed for the JM22-HLA-A*0201-MP complex in which the coselected Vα10.2 domain stabilizes the public CDR3β via water-mediated hydrogen bonds with CDR1α residues unique to Vα10.2 (38) .
Role of Buried Water and Polymorphic Residues in TCR Recognition.
The HLA-B*5703 peptide-binding groove floor has four β-sheetderived tyrosine residues (Y7, Y9, Y99, and Y116), the "Y bed," that hydrogen bond the peptide directly (Y7 and Y99) or are involved in hydrogen bonding the water network between the peptide and the MHC (Y9 and polymorphic Y116). Of the nine water molecules found in the unliganded HLA-B*5701-KF11 structure, seven are conserved in the unliganded HLA-B*5703-KF11 complex and form a common water network (Fig. 4 A and B; see Table  S1 for detailed comparisons of the polymorphic 114/116 F pocket contacts). The presence of the bulky Y116 side chain excludes two water molecules in the HLA-B*5703 PBG which are readily accommodated by HLA-B*5701 because of the smaller side chain of S at position 116. In the unliganded HLA-B*5701-KF11 complex, these water molecules form a water-mediated hydrogen-bonding network between S116-D114 and S116-Y74. On AGA1 binding, KF11 crumples into the HLA-B*5703 groove and forms a new set of contacts with the bound water structure and the underlying MHC residues. The peptide P9 side chain reorients into the groove (Fig. 4C) , repositioning the polymorphic side chain of Y116 by 15°i n a domino effect. Although the resolution of the TCR-pMHC complex (2.4 Å) is not sufficient to position all water molecules buried under the peptide, the reorientation of P9 upon TCR binding is predicted to displace a water molecule, common to the unliganded HLA-B*5701 and B*5703 subtypes (Z48 and A2193, respectively). For HLA-B*5703, the reorientation of Y116 also dislodges a second water molecule (A2195) that hydrogen bonds to the OH atom of Y116 in the unliganded B*5703-KF11 complex (Fig. 4C) . Structural comparisons indicate that the presence of S at position 116 in HLA-B*5701 would provide additional space for peptide P9 to reorient into the groove without conformational rearrangement of the MHC p116 sidechain (Fig. 4D) . Thus, although both HLA-B*5701-KF11 and HLA-B*5703-KF11 can accommodate an identical binding mode for AGA1, the impact on the bound water structure and the side-chain conformation of Y116 in the HLA-B*5703 PBG must differ from that on the bound water structure linking S116 and D114 in HLA-B*5701, suggesting that there are differences in the kinetics of AGA1 binding for HLA-B*5701-KF11 versus B*5703-KF11.
Dissecting the Contributions of the Polymorphic Amino Acids for AGA1
Binding. To test the structure-based prediction of polymorphismdependent differences in TCR recognition described above, we performed kinetic and thermodynamic surface plasmon resonance studies to evaluate the interaction between the AGA1 TCR and the KF11 peptide bound to HLA-B*5701, HLA-B*5703, and the single-hybrid mutants HLA-B*5703 Y116S and HLA-B*5701 S116Y (Table 6 and Fig. S2 ). The primary difference was that AGA1 bound B*5703-KF11 with an approximately fivefold lower affinity as a result of an approximately fivefold faster rate of dissociation (k off ) than measured for the HLA-B*5701-KF11-AGA1 TCR interaction (Table 6 ). Interestingly, AGA1 TCR binding to the hybrid mutants was similar to that of HLA-B*5703, and the presence of either or both residues had the same affect on binding affinity and kinetics. This result suggested that these residues are energetically coupled. S2 for details relating to the single-hybrid mutants)]. This finding is consistent with structural data indicating that both residues participate in a network of bonds in the F pocket that accommodates solvent as well as a region of the peptide that is displaced upon TCR binding. It is likely that weaker binding of the AGA1 TCR to HLA-B5703-KF11 arises directly or indirectly from these changes. One possibility is that this network of bonds stabilizes the peptide in a more favorable bound conformation in the AGA1/HLA-B*5701-KF11 interaction. Discussion MHCI subtype-specific micropolymorphisms that permit the presentation of shared epitopes are known to impact T-cell selection differentially, reflecting their disparate associations with viral control and susceptibility to autoimmune diseases (3, 4) . When minor polymorphic differences result in minimal peptide/MHCI conformational differences, the mechanisms underpinning differential T-cell use remain unclear. To investigate these mechanisms, we solved the structure of an 11mer HIV-1 epitope presented by HLA-B*5701, compared this with our previously reported structure of the epitope when presented by the closely related HLA-B*5703 subtype (36) , and determined the structure of the TCR in complex with HLA-B*5703-KF11, which in the absence of a HLA-B*5701-KF11-AGA1 cocrystal complex was used as a model to outline the fine molecular details underpinning differential TCR recognition when KF11 is presented by these subtypes in vivo.
We describe a pMHC-TCR cocrystal complex comprising an HIV-1-derived epitope restricted by HLA-B*57 subtypes consistently associated with slower progression to AIDS. AGA1 is a highaffinity TCR (<1 μM), at the upper end of the spectrum described for human TCR-pMHCI interactions (39) . This TCR frequently is expanded in HLA-B*5701 + individuals and demonstrates good cross-reactivity against common escape variants, including those associated with higher viral load, but is absent in carriers of HLA-B*5703 who carry a higher burden of KF11 variants in vivo.
Binding of the AGA1 TCR to HLA-B*5703-KF11 is characterized by a dominant Vα chain contribution and a high peptide:MHC BSA. The Vβ chain CDRs contribute less substantially to peptide binding but participate in MHC α2 recognition. The AGA1 TCR uses a distinct clamp, comprising Y residues contributed by CDR1α, CDR3α, and CDR3β motifs, that envelopes the crest of the peptide bulge, wedging their side chains into notches in the MHCα1/ α2-peptide interface and forming many of the pMHC contacts conferring specificity to the interaction. The CDR3s are characteristically short; the Y clamp allows access around the arched peptide, facilitating recognition of the molecular surface without requiring long CDR main chains and also provides the TCR with a flexible CDR surface allowing the conformational adjustments required to accommodate the arched peptide on TCR binding. This mode of recognition, involving the insertion of CDR side chains into notches between the MHC and peptide cavities ("pegs filling notches"), was described initially for JM22 TCR recognition of the "featureless" influenza HLA-A*0201 restricted MP epitope (38) and a second example recently was reported for TCR binding to a bulged epitope (10) . The addition of a third example, as described here, suggests that this mode of binding has broad utility in terms of TCR recognition.
The HLA-B*5703-KF11-AGA1 complex has features in common with the SB27 and ELS4 TCR complexes, the few examples for which structural data relating to the recognition of atypically long peptides have been described (9, 10) . Binding of the SB27 TCR to the centrally arched HLA-B*3508-restricted LPEP peptide represents an unusual interaction in which the Vα chain dominates the pMHC interface, the peptide arch remains prominent on TCR ligation, and the exceptionally few TCR-mediated MHC contacts generated. In common with the SB27 TCR, binding of the AGA1 TCR is characterized by a substantial contribution of the peptide and TCR α-chain to the BSA and a focus on the Nterminal half of the peptide. However, in contrast to HLA-B*3508-LPEP, in which the peptide bulge becomes less disordered upon SB27 ligation, the KF11 epitope is relatively ordered in the unliganded state and undergoes substantial conformational change on TCR binding, although this is less extensive than the bulldozing of the malleable B*3501-EPLP epitope by the ELS4 TCR. Also, unlike the SB27 TCR, AGA1 encompasses a substantial MHC recognition footprint resembling that generated by the ELS4 TCR. However, in contrast to both the SB27 and ELS4 TCRs, the pMHCI-binding interface formed by AGA1 is dominated by the α-chain contribution in relation to the number of specific peptide contacts generated. Many of these contacts originate from germline-encoded CDR1α and Jα residue side chains, highlighting an underlying structural basis for Vα5 chain usage. This principle is shared with the JM22 TCR, in which binding to HLA-A*0201-MP is characterized by the dominant role of the germline-encoded side chains of CDR1β and CDR2β loop residues in contacting the peptide (38) . Despite these inherent similarities, the recognition interfaces presented by HLA-A*0201-MP (flat) and HLA-B*5703-KF11 (bulged) represent dramatically opposed structural landscapes, and our findings further reiterate the diverse binding modes used by TCRs when peptides are presented in conformationally distinct formats.
The frequency of α-and β-chain production constitutes a major determinant driving biased TCR chain use, particularly in relation to β-chain use, in vivo (40, 41) . Production frequency is influenced both by the number of nucleotide additions incorporated at the V-D-J boundary during TCR chain rearrangement, with the frequency of production reduced with increasing numbers of nucleotide additions, and by convergent amino acid use, where production frequency correlates positively with the incorporation of nucleotides that converge to encode identical amino acid motifs (41) . The AGA1 TCR is highly conserved and selected in unrelated HLA-B*5701 + individuals and because the hypervariable CDR3 loops are short, should represent frequently generated TCR chains and a common αβTCR pair in vivo. The AGA1 CDR3α and -β chain loops include few N-terminal additions, particularly the CDR3α loop which comprises germline-encoded residues almost exclusively (21) . The non-germline segments demonstrate interindividual nucleotide diversity but converge to encode identical amino acid motifs. However, despite a predicted high precursor frequency, there is a noted lack of AGA1 TCR use in response to KF11 in HLA-B*5703 + individuals. We propose that HLA-B*57 subtypespecific structural features could constitute a key determinant limiting use of AGA1 by the HLA-B*5703 subtype in vivo. These polymorphic specific effects involve subtle structural alterations, whereby the peptide changes induced on TCR binding culminate in adjustments of MHC side chains and the bound water molecules within the PBG. Water molecules play an integral role in MHCI peptide binding, and although strictly conserved water molecule networks contribute to hydrogen bonding the peptide N and C termini in the A and F binding pockets, bound water molecules in the central region of the PBG, in conjunction with the polymorphic residues, can contribute to the plasticity of peptide binding for individual MHCI molecules (42) . Differences in both the density and distribution of peptide-MHC groove water networks have been implicated in facilitating the reorientation and flexibility of centrally positioned residues of an epitope presented by the closely related HLA-B*2705 and B*2709 subtypes (4). For the structural analyses presented here the differences in the positioning of central KF11 residues in the HLA-B*5701 and B*5703 unliganded complexes are minimal (rmsd <0.3 Å), but water molecule networks coupled to polymorphic MHC residues in the PBG are impacted differently by conformational changes in the KF11 peptide required for TCR binding and hence indirectly affect the properties of TCR ligation. Therefore, for certain TCR-pMHCI subtype pairs, minor variations of buried water molecules networks in association with polymorphic residues may subtly shape T-cell repertoire use in vivo.
Binding studies revealed that AGA1 bound all pMHCI variants with comparable association rate constants (k on ), indicating that the polymorphic differences did not radically alter the initial binding phase. This finding is also supported by our structural observations, which illustrate that the primary TCR contacts are focused on peptide residues (p4-p7) in a region not structurally modified by the polymorphisms in the unliganded state. The greatest discrepancies were reflected in the off-rates (k off ), which corroborated our structure-based observations that the impact of the subtype-specific polymorphisms arise as a consequence of and subsequent to AGA1 ligation and shape the kinetics of receptor occupancy. Interestingly, the p114 and p116 HLA-B*57 polymorphisms had the same effect when introduced individually as when both were present (in HLA-B*5703), and the nonadditive effect of these mutations suggests that both residues are involved in the same energetically favorable network. Our structural data indicate that these residues participate in the same network of solvent-protein interactions in the PBG pocket that accommodates conformational adjustments in the peptide induced upon binding. One possibility is that this network of bonds stabilizes the peptide in a more favorable bound conformation in the AGA1/ HLA-B*5701-KF11 complex and that either mutation alone can disrupt this interaction network.
The IMGT/HLA Database (http://www.ebi.ac.uk/ipd/imgt/hla/) lists 57 putative HLA-B*57 subtypes, the majority of which fall into categories expressing either a D 114 (Q)S 116 or N 114 (Q)Y 116 motif. The conserved coupling of these dimorphisms suggests a functional significance, presumably allowing subtle differences in their capacity to sample antigen repertoires (3), interact with components of the peptide loading complex such as tapasin (43), and present distinct epitopes (44) . It has been suggested that the polymorphic differences separating these HLA-B*57 subtypes subtly modify their peptide-binding repertoires (45) , and these modifications could have implications intrathymically, producing shifts in T-cell repertoire selection and the availability of the peripheral AGA1-expressing T cells in HLA-B*5703 + individuals. Likewise, the presence of MHC class I allotypes that interfere with thymic selection of AGA1-expressing T cells could promote their depletion in carriers of HLA-B*5703, a phenomenon originally described to explain the lack of the naturally dominant HLA-B*08-restricted LC13 TCR in individuals who coexpress HLA-B*08 and HLA-B*4402 (46) . Finally, genetic factors specific to the TCR loci that dictate the frequency of AGA1 α-and β-chain production cannot be ruled out as a contributing determinant (47) . However, in absence of specific evidence relating to the lack of peripheral AGA1-expressing cells in HLA-B*5703 + individuals, it is possible that the polymorphic differences separating the HLA-B*57 subtypes do not notably alter their circulating frequencies but promote differential use of AGA1-expressing T cells via the subtle molecular mechanism described here. Although the affinity of the AGA1 TCR for HLA-B*5703-KF11 matches other agonist interaction, T cells expressing this receptor might be out-competed by higher affinity clonotypes on a HLA-B*5703 background. This choice could contribute, in part, to the different frequencies of circulating KF11 variants associated with elevated viral load in these patient groups. Our findings might also provide an explanation for the association of HLA-B*2705 with ankylosing spondylitis, as the single F pocket polymorphic difference distinguishing it from the nonsusceptible B*2709 subtype Binding constants were measured by surface plasmon resonance at 25°C. could differentially impact TCR repertoire selection rather than driving epitope-binding specificity or conformational changes (4). Collectively, our structural, thermodynamic, and functional data suggest that use of clonotypes expressing the AGA1 TCR constitutes an optimized choice when KF11 is presented on a HLA-B*5701 background. This preference reflects a mechanism involving TCR-induced peptide conformational readjustments, modulation of PBG water networks, and indirect interactions with polymorphic MHCI residues. Very subtle differences, such as the polymorphic changes described here, could presumably alter the balance of the responding T cell repertoire, with underestimated but important implications for TCR usage in vivo.
Methods
Protein Production and Purification. The soluble form of the Vβ19Vα5 (AGA1) TCR was refolded from inclusion bodies as described previously (48) . Mutations were introduced into this sequence by overlapping PCR using complementary primers engineered to contain the desired mutation, and the TCRα and -β products were cloned into the PET22b(+) vector (Novagen). The α-chain was cloned in frame with the C-terminal hexahistidine tag from the vector. TCR chains were expressed using the Escherichia coli strain BLR (Novagen), isolated as inclusion bodies, purified, resolubilized, and refolded as described. The refolded complexes were purified by anion exchange, Ni +2 , and gel-filtration chromatography. Receptor quality was confirmed by chromatographic movement and nonreduced and reduced SDS/PAGE profiles. The peptide KAFSPEVIPMF (KF11) was refolded with the HLA-B*5701, HLA-B*5703, and single-mutant hybrid HLA-B*57 subtype heavy chains (HLA-B*5703 Y116S and HLA-B*5701 S116Y ) with a C-terminal biotinylation tag and β 2 M as described (38) . For crystallography HLA-B*57 subtypes without a biotinylation tag were refolded.
Surface Plasmon Resonance. Surface plasmon resonance studies were performed using a BIAcore 3000 (GE Healthcare) as previously described (49, 50) . C-terminal biotinylated pMHC was immobilized via covalently coupled streptavidin at levels of 1,100-1,400 resonance units. Binding kinetics of the AGA1 TCR was not substantially limited by mass transfer at these immobilization levels (50) . The TCR was injected over multiple flow cells, and the binding response was determined by subtracting the response measured on a control flow cell containing no pMHC from the response measured in flow cells containing pMHC. Affinity and kinetic parameters were determined as previously described (49, 50) . Thermodynamic parameters were determined by measuring the dependence of the affinity and kinetics on temperature (51).
Crystallization and Data Collection. All crystallizations were performed using the sitting-drop vapor-diffusion technique, typically using drops containing 2 μL of protein solution and 2 μL of reservoir solution. Single AGA1-HLA B*5703-KF11 complex crystals grew as rods with dimensions up to 500 × 120 × 20 μm at room temperature from a stoichiometric ratio of pMHC:TCR at a final concentration of 10 mg/mL in 11% (vol/vol) PEG8000, 50 mM Mes, pH 7.2. Single crystals of the HLA B*5701-KF11 complex grew as plates with dimensions up to 200 ×150 × 30 μm from 16% PEG8000, 50 mM Mes, pH 6.5, at room temperature. Crystals were soaked briefly and sequentially in reservoir solutions containing 10% and 20% glycerol and then were flash-cooled and maintained at 100 K in a cryostream (Oxford Cryosystem). Datasets were collected on station ID14.2 at the European Synchrotron Radiation Facility (Grenoble, France) equipped with an ADSC-q4 CCD detector (Area Detector Systems Corporation). Details of the crystal space groups and unit cells are given below and in Table 1 . Datasets were auto-indexed and integrated with the program DENZO followed by scaling with the program SCALEPACK (52).
Structure Determination and Refinement. All structures were determined by molecular replacement using the CCP4 program (53) Phaser (54) . For the AGA1-HLA-B*5703-KF11 complex the molecular-replacement solution was obtained using the HLA-B*5703-KF11 structure (2BVO) and a model of the AGA1 TCR based on 1OGA TCR (55) . The unliganded HLA-B*5701-KF11 structure was determined by molecular replacement using the 2BVO HLA-B*5703-KF11 with peptide omitted as an initial search model, and subsequently the KF11 peptide was built into Fo-Fc difference density maps.
For all structures, rounds of refinement were done using a restrained TLS refinement algorithm in REFMAC5 (56) . Manual refitting of the models was carried out using Coot (57) , and in the final stages of refinement, water picking was performed with ARPw/ARP (58) . Almost all regions of the models' densities were clear. Table S1 was produced using Pymol (DeLano Scientific LLC) and the statistics package Origin, version 5.0 (OriginLab Corporation). a concentration recommended by the manufacturer. After a total of 5 h at 37°C, cells were stained with anti-hCD8-PerCP (BD Biosciences) and fixed in 2% formaldehyde-PBS before flow cytometry analysis using a FACSCalibur (BD Biosciences) and FlowJo v7 software (TreeStar).
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